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The paper is focused on the magnetic and structural properties of RCo5 (R = Y, Gd, Sm) intermetallics
fabricated by high energy ball - milling (HEBM). The investigated samples were first produced by arc-melting as
bulk materials and then were milled for 1h in dimethylformamide with balls to powder ratio 10:1. The influence
of the HEBM parameters on the microstructure was investigated by a variety of complementary measurement
methods. The Rietveld refinement was performed to estimate the dependence of crystallite size and microstrain on
type of sample. The hysteresis loops were recorded by SQUID magnetometer at 2 K and 300 K and at magnetic field
up to µ0H  7 T. The impact of short HEBM process is visible as the enhancement of coercivity and simultaneous
reduction of the saturation magnetization.
DOI: 10.12693/APhysPolA.133.688
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1. Introduction
Recently, magnetically hard nanoparticles produced by
ball milling have attracted great interest due to their vari-
ous applications [1]. There exist several types of methods
used for preparation of magnetically hard nanoparticles
of intermetallic compounds including those via sputter-
ing [2] and ball milling [3]. Among all the known ma-
terials, R–T based alloys have high magnetocrystalline
anisotropy and therefore they are very desirable for po-
tential applications. Recent studies reported a consid-
erable progress in the synthesis of R–T [4] and Nd–Fe–
B [4, 5] nanopowders via surfactant-assisted high energy
ball milling (HEBM) as well as in the particle size se-
lection of as-milled powders. However, the room tem-
perature coercivity of synthesized nanoparticles having a
diameter below 30 nm did not exceed 3 kOe. Due to the
nature of HEBM a cold welding processes usually takes
place, which lead to an increase in the average particle
size. Therefore, the best approach for the preparation of
magnetic nanopowders is to use an appropriate surfac-
tant and organic carrier liquid, which enables to obtain
nanoscale particles [4].
In this study, we have investigated the impact of
HEBM on morphology and magnetic properties of se-
lected RCo5 (R = Y, Sm, Gd) alloys.
2. Experimental
YCo5, SmCo5 and GdCo5 alloys were prepared by arc
melting using pure metals. The ingots were annealed
for 24h at 1100 C. The pulverizing techniques included
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crushing the homogenized alloys, preliminary grinding
in the agate mortar, and further HEBM with a Retsch
Mixer Mill 400 were applied. The wet HEBM was carried
out by using dimethylformamide (DMF) in 2ml Eppen-
dorf vials and 2mm balls of ZnO2 as the milling media
with the balls to powder ratio of about 10:1 [8]. The short
HEBM for 1h was applied into three studied samples.
The crystal structure and morphology of selected samples
were examined by using X-ray diffraction (XRD) with
Empyrean PANalytical diffractometer with the Cu as X-
ray source. The scanning electron microscopy (SEM) was
performed with a JEOL JSM-7100F FEG (field emmis-
sion gun) high resolution scanning electron microscope
(HR-SEM) operated at 15 kV in SE (Secondary Elec-
tron) mode. The hysteresis loops were measured with the
SQUID magnetometer (Quantum Design MPMS XL7) at
2K and 300K.
3. Results
Figure 1 shows the X-ray data for the bulk crystalline
as well as for t  1 h as-milled samples. All samples crys-
tallize in the 1:5 hexagonal CaCu5 type of crystal struc-
ture. X-ray data did not reveal the presence of R and
T oxides during the short milling process. Table I repre-
sents results from Rietveld refinement method performed
in MAUD software with the maximum refinement factors
of about Rwp  4.2% and Rp  4.3%. As it is shown, the
value of the a lattice parameter for GdCo5 and SmCo5
decreases with the pulverization degree whereas for YCo5
sample its value increases. Simultaneously, the c lattice
parameter exhibits a slight change for all samples. Thus,
the volume of the unit cell for two samples (R = Sm,
Gd) decreases and for R = Y increases which may sug-
gest the slight contraction and expansion of the crystal
lattice respectively. As one may notice the XRD peaks
are broadened over milling points to the reduction in the
crystallites size. The mean sizes of the nanocrystallites
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Fig. 1. The evolution of the XRD diffraction patterns
upon milling for the crystalline and as 1h milled sam-
ples.
TABLE I
Crystal structure parameters for RCo5 samples.
Sample a [Å] c [Å] d [nm] Strainr.m.s
bulk
GdCo5
1 h
4.968
9.62.105
4.944
7.36.105
3.957
1.49.104
3.971
8.00.105
263.91
15.13
28.81
0.08
4.84104
0.20.105
1.18103
3.30.105
bulk
SmCo5
1 h
4.977
5.16.105
4.974
1.96.104
3.981
9.83.105
3.987
2.86.104
526.60
35.08
21.91
0.16
4.45104
1.69.105
8.14104
1.43.104
bulk
YCo5
1 h
4.954
4.83.105
4.970
2.41.104
3.962
wyn7.67-5
3.975
3.45.104
259.83
7.37
15.27
0.1
1.20104
4.36.105
2.09103
9.52.105
were calculated according to Williamson-Hall method [6].
The observed drop in the d values during short milling
process is driven by the deformation mechanism intro-
duced into CaCu5 lattice by HEBM. In this way the long
range ordering degrades and is transformed into the short
range one. So, the crystallites size for 1h ranges from
15.27 nm (R = Y) to 28.81 nm (R = Gd).
The hysteresis loops MpH) for the crystalline as well
as ball milled specimens measured up to 7 T at 300K and
2K are depicted in Fig. 2. The magnetic properties such
as remanenceMR, saturation magnetizationMs, coerciv-
ity Hc and maximum energy product BHmax are evalu-
ated from Fig. 2 and are displayed in Table II. For the
bulk crystalline compound the magnetization at the max-
imum applied magnetic field almost reaches saturation.
The values of the saturation magnetization estimated at
7 T and 2 K for the bulk samples suggest the rather fer-
rimagnetic arrangement between 4f and 3d sublattices.
Fig. 2. Hysteresis loops for bulk as well as 1 h ball-
milled samples.
TABLE II
Magnetic parameters for RCo5 samples.
Sample
Hc [T] MR rµB/f.u.]Ms rµB/f.u.] BHmax [ kJ
m3
]
300K 2K 300K 2K 300K 2K 300K 2K
bulk
GdCo5
1 h
0.025
0.990
0.085
4.050
0.37
1.68
0.85
0.61
1.83
2.14
1.21
1.00
0.33
8.02
5.19
32.13
bulk
SmCo5
1 h
0.014
0.438
0.058
0.239
1.45
6.92
1.44
7.62
6.54
7.69
6.11
8.35
0.09
129.7
2.91
32.03
bulk
YCo5
1 h
0.004
0.174
0.006
0.412
0.10
4.51
0.15
3.26
7.34
6.75
7.04
5.96
–
7.78
–
129.15
However, the obtained bulk materials show the value of
Ms slightly lower than previously evidenced [13]. For the
powdered samples the value of MS generally increases.
Moreover, as it was expected the values of Hc and MR
drasticly increase for all studied nanopowders. It may
be attributed to a particles/grains size refinement and
subsequent variation within magnetic interactions. The
highest maximum energy product for the samples mag-
nets is found to be BHmax  129.7 kJ/m3 for R = Sm.
In the case of R = Gd despite the quite high coercivity
its remanent magnetization is lower than for R = Sm and
therefore the final BHmax value is also lower.
Furthermore, the short grinding induces a minor ex-
change bias (EB) effect, where hysteresis loops are
shifted along H axis, as it was already evidenced in many
types of nanomaterials but also even for some bulk com-
pounds [2]. The value of the exchange bias field (HEB)
can be estimated as HEB  |HC    HC|{2 and the
average coercivity as HC  |HC   HC|{2. For the
studied GdCo5 compound after 1h the hysteresis loop
are shifted towards negative applied magnetic field, for
the SmCo5 powders towards positive applied magnetic
field and for YCo5 the shift is negligible. The maximum
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value ofHEB is estimated for R = Gd at 300K and equals
about HEB  0.16 T. Usually, in compound indicating
the emergence of EB phenomenon, the hysteresis loop is
often deformed. The induced EB for the granular alloys
may be dependent on the particles microstructure, their
surface roughness and sizes [10]. For milled powders the
HEB should increase with the reduction within particles
size, but in the case of large surface-to-volume ratio EB
effect may not occur.
Basing on the Stoner–Wohlfarth (S-W) model the
remanence–to–saturation (MR{MS) ratio was estimated
for various nanomaterials [11]. As it is well known
the MR{MS dependence is dependent on the parti-
cles/crystallites size and shape as well as on the varia-
tion of anisotropy induced by an external magnetic field.
For all powdered samples we can observe the increase of
MR{MS ratio compared to the bulk parent compounds.
The highest value of MR{MS is evidenced for R = Sm
powder (MR{MS  0.9) and the lowest for R = Y pow-
der (MR{MS  0.54). The values of remanence - to -
saturation ratio obtained for powders is higher than 0.5,
that is higher than predicted by S-W model. Usually,
such order of magnitude of MR{MS is typical for hard
nanocrystalline magnets indicating large exchange cou-
pling between grains [12]. In our case this process also
occurs, especially that the value of BHmax varies similary
like MR{MS ratio.
Fig. 3. The SEM images for the as-milled powders af-
ter 1 h for (a–b) YCo5; (c–d) SmCo5 and (e–f) GdCo5.
The morphology of the as-milled powders was exam-
ined by SEM operated at 15 kV. The images were taken
in the SE mode in the magnification range of 1000 to
20 000 times. The analysis of SEM images shows the
presence of coarser powder which consists of with inho-
mogeneous particles having an average size from a few
tens of microns to about a few microns. Among them
there are visible single irregular flaked particles with a
thickness ranging from 158  48 nm for YCo5 up to
247  67 nm for SmCo5. By analyzing the magnified
images (see Fig. 3) one may easily notice a variety of
microcracks on the particles surface, indicating that the
short HEBM can be extended in order to obtain finer
powders as it was previously evidenced for other R–T
nanopowders [7, 8].
4. Conclusions
The results obtained for the bulk crystalline com-
pounds and its as–milled powders exhibit the modi-
fication within crystal structure related to the reduc-
tion of crystallites size. The produced powder is non-
homogeneous and the average particles size is around
200 nm. The short HEBM has a significant impact on
magnetic properties. The change of the hysteresis loops
suggest the presence of magnetic hardening induced by
mechanical milling. The visible enhancement of coerciv-
ity, remenence and maximum energy product is benefi-
cial due to potential applications. Summarizing, our ap-
proach indicates a significant potential for cost effective
fabrication of RCo5 nanomaterials via HEBM method
having enhanced magnetic parameters in comparison to
their bulk parent compounds. However, perhaps the ap-
plied synthesis requires further modification of various
HEBM parameters in order to optimize the final struc-
ture, size, shape and magnetic behaviour of the as–milled
powders.
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